ABSTRACT -No experimental data exist quantifying the force-deformation behavior of the pediatric chest when subjected to non-impact, dynamic loading from a diagonal belt or a distributed loading surface. Kent et al. (2006) previously published juvenile abdominal response data collected using a porcine model. This paper reports on a series of experiments on a 7-year-old pediatric post-mortem human subject (PMHS) undertaken to guide the scaling of existing adult thoracic response data for application to the child and to assess the validity of the porcine abdominal model. The pediatric PMHS exhibited abdominal response similar to the swine, including the degree of rate sensitivity. The upper abdomen of the PMHS was slightly stiffer than the porcine behavior, while the lower abdomen of the PMHS fit within the porcine corridor. Scaling of adult thoracic response data using any of four published techniques did not successfully predict the pediatric behavior. All of the scaling techniques intrinsically reduce the stiffness of the adult response, when in reality the pediatric subject was as stiff as, or slightly more stiff than, published adult corridors. An assessment of age-related changes in thoracic stiffness indicated that for both a CPR patient population and dynamic diagonal belt loading on a PMHS population, the effective stiffness of the chest increases through the fourth decade of life and then decreases, resulting in stiffness values approximately the same for children and for elderly adults. Additional research is needed to elucidate the generality of this finding and to assess its significance for scaling adult data to represent pediatric responses.
INTRODUCTION
Motor vehicle crashes are the leading cause of death and injury for children in the United States and head injuries are of principal concern for children involved in crashes. Regardless of age group or crash direction, injuries to the brain and skull are the most common serious injuries sustained by children in crashes (Arbogast et al. 2002 , Durbin et al. 2003 and are responsible for one-third of all pediatric injury deaths (Adekoya et al. 2002 , Thompson et al. 2003 . The abdomen is the second most commonly injured body region in young children using vehicle seat belts, and can be associated with significant health care costs and extended hospitalization (Bergqvist et al. 1985 , Tso et al. 1993 , Trosseille et al. 1997 , Durbin et al. 2001 .
The trajectory and attitude of the head during an impact is dictated by, among other factors, the interaction of the restraint system with the trunk. Despite the importance of this interaction and of abdominal loading as an important injury mechanism in children, benchmarking data for pediatric models of the trunk are lacking. The thorax interacts with the restraints within the vehicle, and any thoracic model must model this interaction in a biofidelic manner to ensure that restraint designs protect humans as intended. To define thoracic biofidelity for adults, Kroell et al. (1974) conducted blunt impacts to the thoraces of adult post-mortem human subjects (PMHS), which have formed the basis for biofidelity standards for modern adult anthropomorphic test device (ATD) thoraces (Mertz et al. 1989) . The paucity of pediatric PMHS for impact research led to the development of pediatric model biofidelity requirements through scaling.
Geometric scale factors and elastic moduli of skull and long bone have been used to scale the adult thoracic biofidelity responses to the three-, six-and ten-year-old child (Irwin and Mertz 1997 , Mertz et al. 2001 , van Ratingen et al. 1997 ).
The biomechanics of the pediatric abdomen have recently been described in detail using a juvenile swine model (Kent et al. 2006 . The model was benchmarked against quasistatic human volunteer experiments and against the distribution of injuries sustained by children in the field, but was not benchmarked against pediatric force-deformation behavior in the high-rate, high-deformation loading environment relevant to crash conditions. Hence, there is currently a need for pediatric thoracoabdominal mechanics data to validate the scaling methods and/or animal models used in the past and the specifications currently used to develop models of the child. The objective of this study is to develop high-rate (i.e., rates relevant to restraint loading in a crash) response corridors for the pediatric thorax under belt and distributed loading and for the pediatric abdomen under belt loading.
BACKGROUND

Thoracoabdominal response development and scaling
There are several characteristics of pediatric development that complicate biomechanical scaling from the adult. In general, the ribs are relatively soft and flexible in the child, becoming progressively more ossified and stiff during development. The relative sizes of the thoracic and abdominal organs also change during development, with the heart and liver being relatively larger and the lungs being relatively smaller in children under age three than in the adult (Franklyn et al. 2007 ). The torso maturation process suggests added complexity to scaling due to the amount of time required for bones in the rib cage to appear, ossify, and fuse. In humans, the sternum consists of six main bones -the manubrium superiorly, followed by sternebrae one through four and the xiphoid process. The 4th sternebra appears at age 12 months, while the xiphoid process appears at three to six years. Fusing between sternebrae begins at age four years and continues through age 20 years. The sternum as a whole descends with respect to the spine from birth up until age two to three years, causing the ribs to angle downward when viewed laterally, and the shaft of the rib to show signs of axial twist deformation (Scheuer and Black 2000) . The costal cartilage also calcifies with age, likely influencing its flexibility.
The abdomen makes up a larger proportion of the torso in young (especially neonatal) children, and the ribs are oriented closer to the transverse plane than in adults (Hammer and Eber 2005) . The net effect is the ribs and sternum being positioned more superiorly than they are in the adult (Sinclair 1978) . The crosssectional aspect ratios of the thorax and of the abdomen also change during development, becoming broader and flatter in the adult. This is the result of the rib cage and sternum descending and of the pelvis becoming wider starting at about age two, which allows the abdominal contents to descend.
These human tissue changes during maturation may influence the impact response of children in ways that are difficult to include in any known scaling method.
Summary of Existing Structural Response Data of the Pediatric Trunk
A comprehensive review of the available literature on pediatric material properties, including those for the tissues of the trunk, was recently published by Franklyn et al. (2007) and will not be repeated here. A review of the structural properties of the pediatric trunk is presented, however, as information pertinent to the current study.
Thorax as a Structure. Very few published studies have addressed the issues of the strength and blunt impact tolerance of the intact pediatric thorax. The only results from impact tests on intact child PMHS thoraces are those from Ouyang et al. (2006) in which nine PMHS of children aged 2 -12 years were subjected to frontal impact with an impactor weighing 2.5 kg (2 -3 year-olds) or 3.5 kg (5 -12 year-olds) at impact speeds ranging from 5.9 to 6.5 m/s. Force-displacement cross-plots were generated for the two age cohorts and reduced to response corridors.
Given the small number of pediatric PMHS available for impact testing, alternative methods for obtaining pediatric thoracic force and displacement data have been used to further quantify any potential differences between actual pediatric thoracic response and the scaled pediatric thoracic biofidelity corridors.
In particular, cardiopulmonary resuscitation (CPR) involves the displacement of the sternum toward the spine in a manner similar to the PMHS experiments previously described, albeit at a lower rate. Recently, a force-displacement sensor (FDS, Philips Healthcare, Andover, MA) has been integrated into a patient monitor-defibrillator and used to measure the force-displacement properties of the chests of children undergoing CPR. Maltese et al. (2008) reported on eighteen patients ages 8 to 22 years who received CPR chest compressions. The relationship between applied force and sternal displacement for a typical CPR cycle to a child, and the form of a model developed by Maltese to quantify the behavior, are shown in Figure 1 . These authors found that the stiffness of the chest increased with age to age 40, and then decreased to nearly adolescent levels at age 60. This finding is contrary to PMHS and ATD response scaling paradigms, which generally dictate that stiffness increases as age or size increases. A review of the literature identified 15 full-scale sled tests performed with 11 pediatric PMHS (Kallieris et al. 1976 , Wismans et al. 1979 , Dejammes et al. 1984 , Brun-Cassan et al. 1993 , Mattern et al. 2002 (Table 1 ) and three full-scale sled tests performed with an adult PMHS having the size of a child (Lopez-Valdes et al. 2009a, b) , in which the restraint conditions included 4-point and 5-point harnesses and 3-point belt systems. Chest deformation was not measured, however, in any of the pediatric tests.
It is important to realize from the above review that there exist, to the authors' knowledge, no data quantifying the force-deformation behavior of the pediatric chest under diagonal belt or distributed loading. This is one of the motivations for the current study.
Abdomen as a Structure.
In his review of biomechanical data for children, Stürtz (1980) considers two publications of interest for the biomechanical load limits of the overall abdomen in children: the studies by Kallieris et al. (1976) and by Gögler et al. (1977) . Kallieris et al. (1976) ran four frontal sled tests with four cadavers of children aged 2.5, 6, 6 and 11 years. The cadavers were restrained by means of a lap-belt around a semi-cylindrically shaped safety table that supported the abdominal region during impact. Gögler et al. (1977) subjected 12 Göttingen mini pigs to abdominal impact by means of projecting them into various rear end configurations of a Porsche 911. The mini pigs were said to correspond to an 8 -12 year old child. Applied force, resultant spinal acceleration, and injury outcomes were reported in both studies, but neither measured abdominal deformation. Kallieris et al. (1978) , Ash et al. (2009) . Detail in Mattern et al. 2002) In 2006, Kent et al. reported the development of a porcine model of the 6-year-old human's abdomen and described its biomechanical response. The subinjury, quasistatic response of this porcine model compared well with pediatric human volunteer tests performed with a lap belt on the lower abdomen (Chamouard et al. 1996) . Dynamic tests were performed on 47 juvenile swine. Belt tension and dorsal reaction force were cross-plotted with abdominal penetration to generate structural response corridors. The upper abdomen exhibited stiffer response than the lower quasistatically, and also was more sensitive to penetration rate, with stiffness increasing significantly over the range of dynamic rates tested. In contrast, the lower abdomen was relatively rate insensitive. The lack of human data on pediatric abdominal response to belt loading is a second motivation for the current study.
Research Objectives
The first two objectives of this study were to determine 1) thorax and 2) abdomen forcedeformation responses for the human child with loading conditions relevant to the contemporary automotive crash environment (i.e., belt and distributed loading at rates around 1 m/s and greater). As described in detail above, there exist no human pediatric data that can be used for this purpose and interpretation of animal data or scaling of adult data have been the only options for estimating these responses.
The basis for assessing abdominal response in this study is the juvenile porcine data published by Kent et al. (2006) and the basis for assessing scaled responses is the thoracic adult tabletop experiments published by Kent et al. (2004) involving four loading conditions (diagonal belt, distributed, hub, double belt). Both of these studies have limitations for the study of pediatric human responses (they use adult cadavers and juvenile swine). The full scope of these limitations is not and possibly cannot be known, but an assessment of them was facilitated in this study through the judicious use of a set of new pediatric PMHS experiments using a test fixture that was either the same as (abdomen) or a geometrically scaled version of (thorax) that used in the original experiments.
As a result of this approach, an assessment of scaled adult human responses and of juvenile animal responses is an implicit third objective of this study. The test subject and the experiments are described in detail below.
METHODS -OVERALL APPROACH
The following overarching strategy was employed: first, the clinical CPR environment analyzed by Maltese et al. (2008) was reproduced experimentally using the pediatric PMHS and the results were compared to the existing pediatric patient CPR data to assess whether the test subject was a biomechanical outlier. Second, several different scaling techniques were applied to the adult thoracic response data of Kent et al. (2004) and compared to the response of the pediatric PMHS in analogous loading conditions. Third, the abdominal loading conditions used to quantify the biomechanics of the juvenile swine were applied to a pediatric PMHS as an assessment of the validity of the porcine model.
METHODS -PMHS EXPERIMENTS
Fourteen tests were performed on a single pediatric PMHS to determine the force-deformation response to each of five different loading conditions: belt loading of the lower abdomen, upper abdomen and thorax, distributed loading of the thorax, and CPRlike loading of the thorax.
Specimen
One female PMHS, deceased at seven years of age, was obtained and tested in accordance with the ethical guidelines established by the Human Usage Review Panel of the National Highway Traffic Safety Administration, and with the approval of the Office of the Vice President for Research and an independent Oversight Committee at the University of Virginia, and Institutional Review Boards at Duke University and The Children's Hospital of Philadelphia. The specimen history indicated a cerebral palsy diagnosis, without indicating a specific cause of death or any conditions suggesting degradation in the bone quality.
Computed tomography (CT) scans verified the absence of preexisting fractures, lesions or other bone pathology, with the exception of sagittal asymmetry due to moderate scoliosis. The specimen's upper and lower extremities were separated from the torso at the glenohumeral and hip joints prior to receipt of the tissue. The acromioclavicular joints were intact bilaterally, but an avulsion of the labrum on the right side was noted, and thus the left shoulder was used for shoulder belt loading tests. The acetabula were intact and not damaged bilaterally. The subject was 119.4 cm in stature with a whole-body mass of 26.8 kg prior to sectioning. This is between the 25 th and 50 th percentile stature for a 7-year-old female, and at approximately the 90 th percentile for mass. Detailed measurements of the thorax and abdomen were made to assist in scaling the specimen response and the distributed belt geometry ( Table 2 ). The chest depth of the subject is similar to a 10-year-old based on the anthropometric data used by Mertz et al. (2001) . Upon receipt, the PMHS was stored in a freezer (-15 ºC) until it was removed and the torso thawed in a water bath for 36 hours prior to testing. While the torso was being thawed and throughout testing, the head-neck complex was packed in dry ice to preserve it for future testing. Kent et al. (2004) to allow for diagonal and distributed belt loading with defined anchor points. The test rig consisted of a frame made of steel tubing that supported slave cylinders (Figure 2 ). In diagonal belt tests of the thorax, the cylinders drove a carriage, guided by linear bearings, up and down. The carriage was connected to the 5-cm-wide diagonal belt via steel cables that passed over pulleys.
In the abdominal and distributed loading tests, the belt was attached directly to the slave cylinder pistons via steel cables that passed through channels cut in the center of the specimen supporting hardware.
For the abdominal tests, a 5-cm-wide belt (similar to that used in Kent et al. 2006 Kent et al. , 2008 was used and for the distributed belt tests, a 16.8-cm-wide belt was used. The distributed belt geometry was determined by scaling the belt geometry from the adult testing (Kent et al. 2004 ) using an average of scale factors relating the adult thoracic anthropometry to that of the pediatric PMHS (Table 3) . Polyethylene fiberreinforced composite (Spectra®, E = 97 GPa) material was used for all belts rather than actual seatbelt webbing (which would stretch nominally 2%-4% in these tests) to isolate the thoracic response from a combined effect that includes belt stretch. The top of the test rig consisted of an aluminum plate attached to a load cell used to measure posterior reaction forces and moments. Plywood sheets were used to adjust the specimen's height on the table to achieve realistic belt angles off of the shoulder and pelvis.
[ A ]
[ B ] Briefly, the compression device consists of a pneumatic piston-cylinder arrangement attached to a stiff load frame. The FDS was attached to the shaft of the piston to measure load at the sternum and to provide a loading geometry similar to that which was used in the CPR study of Maltese et al. (2008) . The CPR chest compression machine was mounted to the frame of the table top test rig, and the same support surface used in the table top experiments was used in the CPR experiments.
Loading Geometry. The 50-mm diagonal belt passed over the left shoulder and crossed the anterior thorax approximately 30° from the mid-sagittal plane (Figure 3 ). The centerline of the belt crossed the left clavicle approximately 60 mm from the sagittal plane, and exited the body at approximately the 10th rib laterally. For the distributed belt loading, the 168-mm belt was centered over the xiphoid, with the top of the belt 45-mm inferior to the sternal notch. Lower abdominal loading was conducted with the belt centered on the umbilicus and upper abdominal loading was performed with the belt centered 7 cm superior to the umbilicus (6.1 cm inferior to the xiphoid process).
For the CPR loading condition, the FDS was placed midway between the manubrium and the xyphoid process, centered on the mid-sagittal plane. The sensor (127 mm long x 62 mm wide x 24 mm thick) was adhered to the chest with thin double-stick tape to limit movement.
Instrumentation. The table-top was instrumented with a six-axis load cell under the posterior support plate and tension load cells attached to the cable-belt system. Load cell data were sampled at 10 kHz with a DEWE-2600 (Dewetron Inc., Wakefield, RI) data acquisition system and hardware (anti-aliasing) filtered. The data were later processed with a lowpass 100 Hz 8-pole Butterworth filter. Using a methodology reported by , kinematic data were sampled at 1000 Hz using an eight-camera Vicon MX™ threedimensional (3D) motion capture system that tracked the motion of retroreflective spherical targets (targets) through a calibrated 3D space. The input displacement to the subject for each test condition was measured using targets rigidly secured to the belt or CPR indentor (FDS). For all belt tests, displacement was measured using a single target secured at the intersection of the belt center line and the mid-sagittal plane (Figure 4 ). For the CPR loading condition, the displacement of the FDS center ( Figure 4 ) was obtained from rigid-body motion using the captured trajectories of four individual targets secured to the surface of the FDS. For comparison with the CPR patient data, the force applied to the sternum and the chest displacement were input into Equations 15 through 17 of Maltese et al. (2008) to calculate the spring and damper constants shown in Figure 1 (a c1 , a c2 , b c1 , and b c2 ), and Equation 24 of Maltese et al. (2008) to calculate the elastic force at 15% displacement (F e-15% ). Displacements for all tests were calculated with respect to a spine-based SAE occupant coordinate system, in which the positive Z-axis was directed inferiorly along the spine and the positive X-axis was directed perpendicularly to the spine and toward the sternum, lying in the midsagittal plane. The X-axis displacement defined "chest displacement" for thoracic characterization and "penetration" for abdominal characterization.
For ease of interpretation, all of the results present the absolute value of the magnitude of the chest displacement, the abdominal penetration, and the posterior reaction force (i.e., positive sign), though the direction of the displacement was toward the spine. Normalized chest displacement was calculated by dividing the measured displacement by the undeformed chest depth at the 4 th rib (155 mm, Table 2 ). Additional displacement measurements were taken on the thorax, as shown in Figure 4 , but are not reported here. 
Loading Condition
Measurement Locations
Test Procedures
After thawing the specimen, a tracheal tube was inserted to facilitate lung inflation. Prior to each test, a syringe was used to inflate the lungs with 300 mL of air via the tube, and then remove the same amount of air. A series of five inflation cycles was performed before a final inflation was performed. The air was free to flow in and out of the tube during the tests.
A series of 3 force-controlled (CPR) and 11 displacement-controlled tests was performed to measure the thorax/abdomen response under the five loading conditions (Table 4) . A minimum of 10 minutes separated tests. Before each test involving a belt (i.e., not CPR), a nominal pretension load of 8 N was applied to each end of the belt.
The first three tests utilized the CPR loading device. Displacements were programmed ("target displacements") to provide approximately 10% and 15% (of undeformed chest depth) displacement levels, and tests were conducted with a total of 20 loading cycles. The programmed displacement levels were defined approximately by the operating pressure in the CPR device, and thus the exact displacements differed slightly from the target (Table 4) .
Next, using the abdominal belt and the lower abdominal loading configuration (Figure 2 -B), a quasistatic (2 cm/s) ramp to a 46-mm (piston) displacement was performed, followed by a dynamic (peak abdominal displacement rate ~1.6 m/s) rampand-hold test to the same peak displacement. The force relaxation during the 60-second hold period was measured to examine the transient behavior of the abdomen. A similar dynamic ramp and hold test was then performed on the upper abdomen to a slightly lower peak displacement (38 mm).
The final eight tests were performed to characterize the loading response of the thorax under two different loading geometries. First, a series of three tests using the distributed belt was performed. In the first test, 10 cycles of a 1 Hz sinusoid with a peak displacement of 35 mm (to achieve approximately 20% normalized displacement) were applied to precondition the thorax and achieve a steady state behavior. Next, (test 8, PEDVE13) a dynamic (peak thoracic displacement rate ~2.0 m/s) ramp and 60-second hold test was performed to the same peak displacement. Finally, a two-frequency sinusoid consisting of five cycles at 0.5 Hz immediately followed by five cycles at 4 Hz was applied with the distributed belt displaced to the same (35 mm) peak magnitude. *Belt slipped off pulleys prior to achieving maximum displacement 1 Five cycles at 0.5 Hz immediately followed by five cycles at 4 Hz.
The last five tests (tests 10-14, PEDVE15-PEDVE19) utilized the diagonal belt. Similar to the three tests with the distributed belt, the first three tests involved 10 cycles of a 1 Hz sinusoid, followed by a dynamic (peak thoracic displacement ~1.9 m/s) ramp and 60 second hold, and a two-frequency sinusoid (five cycles at 0.5 Hz and five cycles at 4 Hz), with a peak displacement of 35 mm. Then in the 13 th test, a 72 mm (~40% normalized displacement) test was attempted, but the belt cables slipped off of the pulleys before the thorax was fully loaded, resulting in a peak displacement of only 37 mm and no hold portion. In the final test, a 72 mm displacement was successfully applied to the test rig in a dynamic (peak displacement rate 2.1 m/s) ramp and 60-second hold test.
After all testing, the skin and superficial tissue of the thorax were removed to assist in the process of identifying injuries. After palpating the rib cage for fractures, the specimen was CT scanned at high resolution (0.59 mm in-plane and 0.63 mm slice thickness), and a radiologist read the scan to assist in identification of any rib fractures or other trauma.
METHODS -SCALING ADULT THORACIC RESPONSE CORRIDORS
Four scaling methodologies were evaluated for their ability to scale the adult belt and distributed loading corridors of Kent et al. (2004) for comparison with the analogous table-top response of the pediatric PMHS tests: mass scaling (Eppinger et al. 1984) , SAE (Mertz et al. 1989 and Mertz 1997) , ISO 9790 (Irwin et al. 2002) , and Parallel Springs (Kent et al. 2004 , Kent 2008 . Each of these techniques is described below.
Mass Scaling
The mass scaling approach is based on dimensional analysis (Langhaar 1951) , which employs an assumption of geometric similarity to relate two systems by the ratios, λ, of their fundamental properties. The ratios of length (subscript L), mass density (subscript ρ), and modulus of elasticity (subscript E) of the two systems can be used to express other properties. A length scale factor is calculated for each subject as the cube root of the ratio of the mass (subscript m) of a standard-sized subject to the actual subject (Eppinger et al. 1984) . Assuming that the modulus of elasticity and density are equal between subjects, the magnitude of each measured response is scaled by the appropriate form of this length scale factor:
When scaling between adult and pediatric subjects, the inherent difference in material properties is considered as shown in Table 5 (e.g., McPherson and Kriewall 1980) .
SAE Scaling
The SAE scaling method was initially developed to determine geometric and biomechanical properties for small female and large male ATDs and was later adapted to develop pediatric ATDs. The method involves a vertical length scale factor (in this case, erect seated height of the subjects is used as the characteristic length) and a mass scale factor (total body mass), with the constant density requirement (Langhaar 1951) satisfied by defining the length scale factors in the x-and y-directions to be equal as:
To account for the differences in material properties between an adult and a child, Irwin and Mertz (1997) assumed that the thorax could be represented by a ring of elliptical cross-section with dimensions scaled appropriately. They employed an analytical solution of this ring in anterior-posterior loading to develop a stiffness scale factor that accounts for differences in both anthropometry and material properties between an adult and a child. The resulting scale factors for force and displacement are shown in Table 5 .
ISO Method
A refinement of the SAE method, the ISO method was developed to harmonize the multitude of impact conditions in existing test dummy requirements (Irwin et al. 2002) . The ISO method derives force and displacement scale factors from the stiffness scale factor determined in the SAE method. As the loading applied in our analysis simulates belt loading rates in a frontal impact condition, the scale factors defined by Irwin et al. (2002) for the sled test conditions were used. The force scale factor is modified by the mass of the thorax, while the displacement scale factor is modified by the whole body mass: 
Parallel Springs
The work of Kent (2008) , which examined the response of the intact, denuded, and eviscerated thorax under distributed, diagonal belt, and hub loading conditions, allows for the attribution of the individual influences of the rib cage, viscera, and superficial tissues to the overall stiffness, k, of the thorax. Assuming the stiffness of the rib cage can be represented by parallel springs, the stiffness of the intact thorax (flesh, bones, and viscera) can be expressed as the summation of individual stiffnesses (Table 6) . While it has been demonstrated that the material properties of bone differ between adults and children, differences in the material properties of the flesh and the viscera are less understood (see Franklyn et al. 2007) . Therefore, it is assumed for the purposes of this analysis that the stiffness of flesh and viscera do not change with age, and thus that the stiffness of the thorax can be expressed as a function of the rib cage stiffness alone. Using the relative contribution of the rib cage to the overall stiffness of the thorax, scale factors can be developed for each loading condition by observing dimensional analysis: where the α terms are the relative apportionment of stiffness to the flesh, viscera, and ribcage, which varies with the loading condition (Kent 2008) .
RESULTS -PEDIATRIC PMHS CPR LOADING EXPERIMENTS
Three experiments were conducted with the CPR environment. Tests PEDVE04, 05 and 06 targeted 10%, 15% and 10% peak displacement, but actual values were 9%, 13% and 7%. PEDVE04 and 06 consisted of 21 compressions, the first at a force and displacement of about half the magnitude of the remaining 20, due to the characteristics of the pneumatic CPR loading device. The prescribed 20 compressions were generated in test PEDVE05, all at approximately the same peak force. In all three experiments the subject generally exhibited increasing peak displacement despite constant peak force ( Figure 5 -left column). Typical of viscoelastic structures, deflection lagged force slightly, creating a hysteresis loop in the force vs. displacement plot (Figure 5 -center) . Though the intention was for experiment PEDVE05 to reach 15% displacement for comparison with the Maltese pediatric CPR cohort, only 13% was actually achieved. Thus, extrapolation of the elastic spring force was required ( Figure 5 -center) ; greater extrapolation was required for PEDVE04 and PEDVE06. The PMHS exhibited chest compression stiffness roughly double a 7 year old CPR patient reported by Maltese et al (2008) , equal to the 17 year old patient, approximately one third the 40 year old patient, and at the upper range of the elderly patients ( Figure 6 ).
RESULTS -PEDIATRIC PMHS DIAGONAL BELT EXPERIMENTS
Data were collected in all five tests involving the diagonal belt loading condition. The maximum magnitude of applied displacement ranged from 31 mm during test PEDVE17 to 57 mm during test PEDVE19, with corresponding peak forces ranging from 906 N during the final cycle of the 0.5-Hz waveform to 5,941 N at the completion of the ramp in test PEDVE19 (note that all results refer to the DAQ Index identifier in Table 4 rather than the test number).
As with the adult PMHS reported by Kent et al. (2004) , the pediatric thorax exhibited pronounced preconditioning behavior over the 10 cycles of loading in test PEDVE15 (Figure 7) . A repeated displacement input of 33 mm to 34 mm generated a peak posterior reaction force of 1,246 N during the first cycle, decreasing during progressive cycles to only 911 N during the 10 th cycle.
The preconditioning phenomenon actually generated a greater change in peak force than the change in loading rate from 0.5 Hz to 4 Hz. In test PEDVE17, there is a clear monotonic decrease in peak force during the 5 cycles at 0.5 Hz, which appears to be similar mechanistically to the preconditioning behavior observed at 1 Hz in PEDVE15. During the 4-Hz cycles, the peak force was slightly greater than in the last 0.5-Hz cycle, but remained below the peak force measured during the first 0.5-Hz cycle.
The ramp-hold tests (PEDVE16, 18, 19) reached peak displacement rates of 2.2 m/s to 2.8 m/s ( Figure  8 ). In test PEDVE18, the belt slipping off of the pulley prevented the successful completion of the hold portion of the waveform, but ramp-hold waveforms were generated in PEDVE16 and PEDVE19 (Figure 9 ).
When the posterior reaction force was cross-plotted with the chest displacement magnitude and compared to the adult results of Kent et al. (2004) , the pediatric PMHS subject was found to be substantially stiffer than the adults (Figure 10) . The low-rate (0.5 Hz to 4 Hz) tests generated force-displacement responses within the lower portion of the adult response envelope based on tests performed at substantially greater rates, with the exception of the 10 th cycle of the preconditioning waveform, which fell slightly below the adult envelope. The first two ramp-hold test responses remained within the adult envelope up to approximately 15 mm of displacement, after which the responses were above the adult corridor. The final ramp-hold experiment (PEDVE19) remained within the adult corridor up to about 37 mm of displacement, and was above it thereafter. When the chest displacement measurements were normalized by the initial chest depth, the pediatric responses during the high-rate (ramp) loading were within the range of variability found in the adult test population (see Appendix A for an assessment of the differences in loading rate between the adults and the pediatric PMHS).
RESULTS -PEDIATRIC PMHS DISTRIBUTED LOADING EXPERIMENTS
Data were collected in all three tests involving the distributed loading condition.
The maximum magnitude of applied displacement ranged from 26 mm during test PEDVE14 to 31 mm during test PEDVE13, with corresponding peak forces ranging from 2,068 N during the final cycle of the 1-Hz preconditioning waveform to 6,657 N at the completion of the ramp in test PEDVE13.
As with the diagonal belt, pronounced preconditioning behavior was observed over the 10 cycles of loading in test PEDVE12 (Figure 11) . A repeated displacement input of 28 mm to 29 mm generated a peak posterior reaction force of 2,848 N during the first cycle, which decreased during progressive cycles to 2,608 N during the 10 th cycle. The preconditioning phenomenon generated a greater change in peak force than the change in loading rate from 0.5 Hz to 4 Hz. In test PEDVE14, there is a clear monotonic decrease in peak force during the five cycles at 0.5 Hz, which appears to be similar mechanistically to the preconditioning behavior observed at 1 Hz in PEDVE12. During the 4-Hz cycles, the peak force was slightly greater than that during the last 0.5-Hz cycle, but remained below the peak force measured during the first 0.5-Hz cycle. There also appeared to be slight preconditioning during the 4-Hz waveform.
The ramp-hold test (PEDVE13) reached a peak displacement rate of 2.1 m/s (Figure 12, Figure 13 ). When the posterior reaction force was cross-plotted with the displacement magnitude and compared to the adult results of Kent et al. (2004) , the pediatric PMHS subject was found to be substantially stiffer than the adults (Figure 14) . The low-rate (0.5 Hz to 4 Hz) cycles generated force-displacement responses within the adult response envelope up to 22 mm of displacement, with the exception of the 10th cycle of the preconditioning waveform, which fell slightly below the adult envelope until entering it at 24 mm. The ramp-hold response was never within the adult corridor and was substantially above it by the time the displacement was stopped at 31 mm, at which point the pediatric thorax was generating approximately 4 kN more force than the upper bound of the adult corridor. When the displacement measurements were normalized by the initial chest depth, the pediatric responses during the high-rate (ramp) loading remained above the corridor after about 1% normalized displacement. The lower-rate tests (0.5 Hz to 4 Hz) were either below the adult corridor or at the very bottom of it until about 12% displacement, at which point all but the last cycle of the precondition were within the corridor (see Appendix A for an assessment of the differences in loading rate between the adults and the pediatric PMHS). 
RESULTS -PEDIATRIC PMHS ABDOMINAL LOADING EXPERIMENTS
Data were collected in all three tests involving abdominal loading. The maximum magnitude of applied displacement (abdominal penetration) ranged from 33 mm during test PEDVE09 to 39 mm during test PEDVE11, with corresponding peak posterior reaction forces ranging from 1,655 N during the quasistatic test to 5,352 N at the completion of the ramp in test PEDVE10 (Figure 15 ). The ramp-hold tests (PEDVE10 and PEDVE 11) reached peak penetration rates of 2.2 m/s to 2.3 m/s (Figure 16 ). This rate corresponds to the low-rate ("rate bin 1") dynamic swine tests published by Kent et al. (2006) . Comparison of the pediatric PMHS response with envelopes bracketing the "rate bin 1" porcine data for the lower and upper abdomen reveals that the human response was similar to the porcine response ( Figure  17 ), though some key differences can be observed. First, the lower abdomen of the human was slightly stiffer than that of the swine. Second, the human exhibited a slightly greater stiffness in the lower abdomen than in the upper, while the swine exhibited virtually identical stiffness at the two locations.
Based on the force-relaxation behavior of the PMHS abdomen during the hold portion of the waveforms, the rate sensitivity of the human can also be compared to that of the swine. Using the method described in Appendix A, the response of the pediatric abdomen when loaded at greater rates ("rate bin 2" mean of 5.0 m/s peak and "rate bin 3" mean of 6.4 m/s peak) can be estimated and compared to the swine corridors for those bins. As shown in Figure  18 , the lower abdomen response of this pediatric PMHS subject remained above the porcine corridor regardless of rate bin, while the upper abdomen response was within the swine corridor at penetration magnitudes above approximately 20 mm in all rate bins.
RESULTS -SCALING ADULT THORACIC RESPONSE TO DEVELOP PEDIATRIC RESPONSE ENVELOPES
A key finding of this study is that the thoracic response of the pediatric PMHS was actually as stiff as or stiffer than the adult PMHS previously reported when an absolute displacement measure is considered, and of comparable stiffness when a normalized (percent displacement) measure is considered. The scaling equations [1] through [5] show that size, mass, and modulus all result in scaling factors less than one. In other words, adult data will scale to generate a less stiff response for children in all of the scaling formulations considered. As a result, all of the scaling approaches considered here tended to move the adult corridors further from the measured pediatric response (Figure 19, Figure  20) .
RESULTS -INJURIES GENERATED DURING THORACIC LOADING
The pediatric PMHS sustained a total of 13 rib fractures. On the left side, ribs 2-6 were fractured approximately 1 cm from the costochondral junction. On the right side ribs 4-7 were fractured approximately 1 cm from the costochondral junction, and ribs 3-6 sustained lateral fractures. Comparison with CT scans taken before any testing was performed confirms that the fractures were generated during the test series (Figure 21 ). The pattern suggests that the fractures were generated with diagonal belt loading and comparison of the responses measured in tests PEDVE16, PEDVE18, and PEDVE19 suggests that the structural stability of the rib cage was not compromised prior to the performance of test PEDVE18 (see Figure 10) , but was afterwards.
DISCUSSION
This paper is the first to present thoracic and abdominal response data for a pediatric PMHS loaded by a distributed load and by a diagonal belt. Attempts were made to glean as much information as possible from this rare specimen. First, a series of CPR experiments was performed using a methodology reported by Maltese et al. (2008) . By comparing the PMHS's response to that of Maltese's 18 young subjects, who were subjected to the identical protocol, we were able to confirm that the pediatric PMHS generated elastic stiffness roughly double the two 8-and 10-year-old CPR patients reported by Maltese et al (2008) , equal to the 16 to 20-year-old patients, approximately one third the 40-year-old patient, and at the upper range of the elderly patients (see Figure 6 ). This finding justifies some confidence that the other responses (thoracic belt loading, thoracic distributed loading, and abdominal loading) are reasonably representative of pediatric subjects broadly despite the availability of only a single PMHS for testing, though additional research is necessary to confirm this.
Following the CPR benchmarking exercise, the PMHS was subjected to three experiments involving abdominal loading from a transversely oriented lap belt. The geometry of those experiments matched the loading used by Kent et al. (2006 Kent et al. ( , 2008 to characterize the abdominal responses of 48 juvenile swine, which were considered to be reasonably representative of a 6-year-old human. The intention with these three PMHS experiments was to assess the validity of the porcine corridors for use in developing models of the human child's abdomen. The experiments were intended to match the penetration rate of Kent's rate bin 1. At that rate, the response of the lower abdomen of the PMHS was found to be slightly stiffer than the porcine corridor, while the upper abdomen response was similar to the swine. The application of an analytical model to estimate the PMHS's abdominal response at higher rates indicated similar findings for Kent's rate bins 2 and 3, viz. the lower abdomen of the PMHS was stiffer than the swine, while the upper abdomen was similar. The degree of rate sensitivity of the PMHS, as quantified in terms of its force-relaxation behavior during the hold portion of the loading waveform, was also similar to the swine. Overall, then, the PMHS experiments indicate that the porcine corridors are a reasonable benchmarking standard for abdominal models of the 6-year-old human.
Finally, a series of thoracic loading experiments was conducted, first with a distributed load and then with a diagonal belt load. These loading conditions were geometrically scaled to match the loading conditions reported by Kent et al. (2004) for 15 adult PMHS. Our intention with these experiments was to guide the process of scaling the adult response corridors to represent the response of a child. Four different scaling approaches from the literature were considered, but none of them predicted the observation that the pediatric PMHS was at least as stiff as, or even stiffer than in some cases, the adult corridors. An analytical exercise confirmed that this was unlikely to be due to differences in loading rate. With all four scaling methods considered here, the scaling factor for stiffness (force/displacement, subscript k) is less than one:
0.344 0.719 0.478
0.338 0.735 0.460
0.414 0.900 0.460
Parallel springs:
0.420 0.677 0.620
0.576 0.677 0.851 The results of the experiments presented here suggest that scaling factors of approximately one are more appropriate for scaling thoracic stiffness under diagonal belt, CPR puck, or distributed loading from adult to child. The parallel springs method yielded scaling factors substantially closer to one than any of the other three methods, and in fact predicted the observation that the scaling factor should be greater for distributed loading than for diagonal belt loading (i.e., the child's distributed response relative to the adult corridors is greater than the diagonal belt response), but in general all scaling methods did not predict the experimental responses of the pediatric PMHS.
Some of the aspects of thoracic development that may influence biomechanical response, but are not easily quantified with any known scaling method, are discussed in the Introduction (sternal fusing, rib cage morphology, etc.). As described in detail by Franklyn et al. (2007) , the torso anatomy changes in complex and non-linear ways during pediatric development (Figure 22 ). The consequences of these changes are not fully understood in terms of thoracic response to restraint loading. Likewise, the degree to which the material and structural mechanics of the organs change through pediatric development is unknown. The net effect of all of these changes, at least for the subject tested here, was a relatively small difference in thoracic response as compared to senescent adults. This finding is not captured by the scaling methods considered here, but is supported by other experimental data. In particular, Maltese et al. (2008) collected pediatric CPR force deflection data for in-hospital patients, and reanalyzed previously published adult in-hospital (Tsitlik et al. 1983 ) and out-of-hospital (Arbogast et al. 2006 ) CPR patient data, and compared the stiffness of the chest across age ranges. They found that the stiffness of the chest, despite normalization by subject chest depth, increased with age from adolescence to age 40, and then decreased to nearly adolescent levels from age 40 years to elderly (left plot, Figure 23 ). This finding is contrary to PMHS and ATD response scaling paradigms, which generally dictate that stiffness increases as age and/or size increases. It is likely that the rise in stiffness to age 40 occurs in the absence of rib fractures, and that the reduction in stiffness after age 40 is related to the increased incidence of rib fracture. The degree to which the presence of rib fractures influences this age trend is unknown, but phenomenologically the children and the oldest adults exhibit similar stiffness.
The adult diagonal belt response reported by Kent et al. (2004) used data from cadavers with a mean age of 69.5 years. Considering the age trend observed in the CPR patients, it is perhaps not unreasonable that the pediatric PMHS and those elderly adult PMHS exhibited similar stiffness. In an attempt to quantify the relationship between age and stiffness with diagonal belt loading, the posterior reaction force at 15% normalized displacement was plotted against the age of the subject for all published diagonal belt (dynamic ramp) tests using the Kent table-top method (i.e., data from Kent et al. 2004 , and the current pediatric PMHS). The results, shown in the right plot of Figure 23 , exhibit the same trend as the CPR patients. Namely, the pediatric and elderly subjects exhibited similar stiffness, while subjects in the fourth decade of life were approximately a factor of two stiffer. These trends are strongly dependent, however, upon sparse data in the age range from 25 to 40 years for both loading paradigms (CPR and diagonal belt). Additional data, especially in this age range, are necessary before these trends can be considered conclusive.
The final finding from these PMHS experiments was the identification of 13 rib fractures following the final loading cycle (test PEDVE19). Clinically, children frequently receive pulmonary injury in the absence of rib fracture (which is rare in adults, Holmes et al. 2002) , and when rib fractures are present in children they are associated with severe trauma (Garcia et al. 1990 ).
The thoracic deformation during the final experiment was extreme and the fracture patterns generated are consistent with those observed after seatbelt loading in adult (usually elderly) PMHS. The ability of children to tolerate thoracic trauma, combined with the difficulty in diagnosing rib fractures in children, limit the clinical significance of this finding, but it is a useful finding for developers of pediatric finite element models of the chest or other models intended to predict stress and strain patterns in the pediatric rib cage.
This study is subject to some important limitations, most of which stem from the paucity of biological models of the pediatric torso. Care was taken to assess the degree to which the pediatric PMHS utilized in this study was representative of other pediatric subjects, but the availability of a single PMHS limits the conclusions that can be drawn from this series of experiments. The chest of the subject presented here was approximately twice as stiff as two CPR patients of similar age and size. This is within the expected biological variability of age-and size-matched groups (cf. Kent et al. 2004 ), but may also reflect the fact that the upper torso was cooler than room temperature during testing due to our efforts to preserve the head and neck complex for future testing. Regardless, the response of this subject combined with the responses of adult PMHS tested using the analogous table-top method supports the CPR-based findings that a non-linear relationship may exist between age and thoracic stiffness, with an inflection (maximum) occurring in the age range of young adults, that the thoracic stiffness of children is comparable to that of older adults, and that current scaling methods do not adequately capture this behavior. Additional research is necessary, however, before the degree of variability in pediatric response can be quantified and before robust recommendations for improved scaling methods can be made. The parallel springs scaling method, or another method that apportions the contributions of different load paths to the overall response, may provide a framework to account for the likelihood that bones, organs, and viscera undergo different changes in modulus during pediatric development. In this study we have assumed a modulus ratio of one for the soft tissues (Equation 5) since the state of knowledge on this topic is insufficient to quantify the actual relationship within the context of any known scaling method.
Another limitation of the study is the range of displacement rates considered. Substantial preconditioning behavior was observed during repeated loading, as was significant force relaxation during the hold portion of the ramp-hold experiments. An analytical model of this behavior indicates an insignificant effect in the rate range of 1 -2 m/s, but applications involving rates substantially greater or lower than that range should consider potential rate effects in the force-displacement responses.
One consequence of the ramp-hold method used to identify the model coefficients described in Appendix A is that the injury patterns generated in the abdomen during these tests are difficult to interpret. In 2008, Kent et al. showed that ramp-hold tests generated greater abdominal injury than ramp-release tests at comparable rates and penetration magnitudes. Those authors (2006) questioned, however, the validity of a frozen-and-thawed PMHS as a model for studying abdominal injuries. In order to compare our results to the three rate bins published in the 2006 Kent et al. study, the model described in Appendix A was required. This expanded structural assessment was determined to have priority over abdominal injury assessment in these experiments since a single subject, even if it was a valid injury model, would be insufficient to assess or develop abdominal injury criteria, or even to assess the validity of the porcinebased injury risk functions published in the 2008 study.
Finally, the number of loading cycles performed on the single subject is a limitation of the study. Intact pediatric PMHS are extremely difficult to obtain and test, so an experimental program was designed with the intention of collecting as much valid biomechanical data as possible without compromising the structural integrity of the subject. Pre-conditioning behavior was observed in the cyclic loading experiments, so the loading did change the behavior in at least a transient manner. Preconditioning is necessary, however, in order to collect repeatable results in multiple loading cycles (e.g., Kent et al. 2004 ) and it is typically done when a biological material or structure is characterized.
Repeated tests were performed with the CPR loading (tests PEDVE 4, 5, 6) and with the diagonal belt loading (PEDVE 16, 18, 19) . The CPR results were substantially similar in all three sets of loading cycles, and the responses in PEDVE16 and PEDVE18 were similar, providing some confidence that the effect of structural degradation due to repeated loading was small. Test PEDVE19, on the other hand, generated substantially softer behavior compared to PEDVE18, indicating that significant structural weakening occurred as a result of the loading in test PEDVE18.
CONCLUSION
This paper presented an assessment of pediatric thoracoabdominal response to belt loading. Prior to this study there were no experimental data quantifying the force-deformation behavior of the pediatric chest when subjected to non-impact, dynamic loading from a diagonal belt or a distributed load, and the only juvenile abdominal response data were collected using a porcine model. A series of experiments on a 7-year-old PMHS was undertaken to guide the interpretation of existing adult thoracic response data and to assess the validity of the porcine model.
The pediatric PMHS exhibited abdominal response similar to the swine, including the degree of rate sensitivity. The upper abdomen of the PMHS was slightly stiffer than the porcine behavior, while the lower abdomen of the PMHS fit within the porcine corridor.
Scaling of adult table-top data using any of four published techniques did not successfully predict the pediatric behavior. All of the scaling techniques intrinsically reduce the stiffness of the adult response, when in reality the pediatric subject was as stiff as, or slightly more stiff than, published adult corridors. An assessment of age-related changes in thoracic stiffness indicated that for both CPR loading and dynamic diagonal belt loading the effective stiffness of the chest increases through the fourth decade of life and then decreases, resulting in stiffness values approximately the same for children and for elderly adults. Future attempts to scale adult PMHS data should take this into account. 
APPENDIX A -ASSESSMENT OF RATE EFFECTS IN THE PEDIATRIC PMHS EXPERIMENTS AND THEIR INFLUENCE ON COMPARISONS TO THE ADULT PMHS THORACIC RESPONSE AND THE PORCINE ABDOMINAL RESPONSE
One possible explanation for the relatively stiff response of the pediatric PMHS chest compared to the Kent adult corridors is an increased capability to generate faster ramps that occurred in the years between test series. A slightly faster materials testing machine was used to drive the table-top loading fixture in the pediatric tests than in the adult tests. This is illustrated in Figure 1A For this study, the reduced relaxation function was described as the Prony series 
Parameter Identification
A set of parameters was identified for each loading condition using the first ramp-hold test. The time coefficients, β i , were set at four values (0.1, 1, 10, 100) to span the time range of interest and the generalized reduced gradient nonlinear optimization scheme employed by the Microsoft Excel Solver was used to solve simultaneously for the parameters (A, B, G i , G ∞ ) that maximized the model fit to each experiment. The objective function to minimize was the sum of the squared error between the measured force and the model-predicted force over the entire time history. The instantaneous elastic functions and reduced relaxation functions for the ramp-hold experiments with all four loading conditions are presented in Figure 2A .
Once the model parameters were identified for the pediatric tests with a diagonal belt (PEDVE16) and with the distributed loading condition (PEDVE13), those parameters were used in the model form of Equation [3] with the displacement-time input measured in the adult tests with the corresponding loading condition (CADVE124 for diagonal belt, CADVE120 for distributed). Figure 3A shows the measured pediatric chest stiffness, the measured adult chest stiffness with the same loading condition (subject 178 of Kent et al. 2004) , and the pediatric stiffness that would be expected if the pediatric subject were exposed to the chest displacement-time history used with the adult (i.e., the adult displacement-time histories shown in Figure 1A ). This exercise shows that the rate sensitivity in the range of 1 m/s to 2 m/s is small compared to the difference between the adult and pediatric stiffnesses. In other words, differences in rate do not explain the substantially stiffer response of the pediatric subject. 
